Many optoelectronic properties have been reported for lead halide perovskite polycrystalline films. However, ambiguities in the evaluation of these properties remain, especially for long-range lateral charge transport, where ionic conduction can complicate interpretation of data. Here we demonstrate a new technique to measure the long-range charge carrier mobility in such materials. We combine quasi-steady-state photo-conductivity measurements (electrical probe) with photo-induced transmission and reflection measurements (optical probe) to simultaneously evaluate the conductivity and charge carrier density. With this knowledge we determine the lateral mobility to be ~ 2 cm 2 /Vs for CH3NH3PbI3 (MAPbI3) polycrystalline perovskite films prepared from the acetonitrile/methylamine solvent system. Furthermore, we present significant differences in long-range charge carrier mobilities, from 2.2 to 0.2 cm 2 /Vs, between films of contemporary perovskite compositions prepared via different fabrication processes, including solution and vapour phase deposition techniques. Arguably, our work provides the first accurate evaluation of the long-range lateral charge carrier mobility in lead halide perovskite films, with charge carrier density in the range typically achieved under photovoltaic operation.
generation rate externally provided by a light source, the change in charge carrier density is determined by the steady state condition when the charge carrier recombination rate equates to the charge generation rate. Depending upon the charge carrier density, recombination is typically governed by a first order monomolecular recombination (Shockley-Read-Hall), a second order bimolecular recombination (conduction band (CB) electrons with valence band (VB) holes), and a third order Auger recombination (two electrons and one hole), [11] [12] [13] which occur as the charges traverse grains and grain boundaries, while experiencing trapping/detrapping and scattering.
14 Therefore, studying the photo-induced optoelectronic properties and accurately determining the charge carrier density, particularly under similar charge density regimes to those that occur in the optoelectronic device of interest, could lead to important insights into device operation.
Various characterization techniques have been previously employed to investigate the optoelectronic properties of perovskites, such as charge transport and recombination processes, charge transfer across heterojunctions and the fate of photo-excited charge carriers, using either electrical or optical probe measurements. Optical probes include photo-induced absorption (PIA) 3, 15, 16 , transient absorption (TA) 5, 17, 18 spectroscopy, time resolved microwave conductivity (TRMC) 19, 20 , optical pump terahertz probe (OPTP) spectroscopy 13, 21, 22 and time-resolved or quantum yield of photoluminescence (PL) 5, 23 . Electrical probes include space charge limited current (SCLC) 17, 24 , time-of-flight (TOF) 17, 25 , and hall-mobility measurements 26 . Unfortunately, through these different techniques, the reported values for charge carrier mobility (or diffusion coefficients) vary significantly. The measurements are often in very different charge density regimes, and they also probe conduction over differing length-scales.
Photo-induced absorption (PIA) spectroscopy is a good way to infer the quasi-steady-state photo-induced charge carrier population change at particular pump modulation frequencies and fluences. Hence, it can be used to contribute to a good understanding of the photogenerated charge density changes close to that experienced in the photovoltaic regime (10 14 -10 16 cm -3 ). A change in free carrier density in any semiconductor, leads to changes in both the imaginary and the real parts of the complex dielectric function. 18 Usually, photo-induced "absorption" (A), is measured by only recording the change in transmittance (T), with the changes in reflectance (R) being neglected. However, since A = 1 − T − R, if there is a significant change to the refractive index of the semiconductor during illumination, then the change in reflectivity should not be neglected. 18 With specific relevance to our study here, refractive index changes below the bandgap following photo-excitation, are a result of the free carrier contribution to the dielectric function. 27, 28 Photo-conductivity ( ℎ ) is proportional to the free electron ( ) and hole ( ) densities and the average charge carrier mobility (), following,
where e is the elementary charge. Therefore, we propose that by combining quasi-steady-state in-plane ℎ measurements, while estimating the free charge carrier density via photoinduced transmission and reflectance, we can determine the long-range lateral charge carrier mobility.
In ideal semiconductors, the mobility is independent of charge carrier density until carrier-carrier scattering effects become important. 29 In polycrystalline thin films, charge transport is additionally influenced by scattering/trapping Sample structure used in this study. Using one sample with this architecture, we measure both PITR and photo-conductivity, with and without external bias, respectively.
processes that can be dependent on charge density, both within the grains and at grain boundaries, which impacts the performance of solar cells. Being able to use ℎ to study the charge carrier density dependent mobility should therefore allow us to better understand losses in performance due to non-ideal long-range charge transport.
Herein we investigate the long-range in-plane ℎ , change in charge carrier density and mobility of lead halide perovskite polycrystalline thin films. To do this we have developed a simple and powerful technique for measuring photo-induced transmission and reflection (PITR), the data from which we optically model to determine changes in complex refractive index, and consequently charge carrier density within the perovskite film. We evaluate the charge carrier mobilities within perovskite films fabricated through different processing routes. This allows for an accurate evaluation of the "long-range" lateral mobility in these materials. Our new method has various advantages over other techniques and significantly supports the understanding of photo-induced optoelectronic properties of perovskite materials for various device architectures.
Results and discussion

Photo-induced change in refractive index
With photo-induced absorption spectroscopy, we can estimate the photo-induced change in charge carrier population within a material at particular pump modulation frequency and fluence. While the photo-induced "absorption" (A) is usually measured by only recording the change in transmittance (T), since A = 1 − T − R in order to properly determine the photo-induced absorption change, it is essential to record both the transmission and reflection spectra. We have therefore modified our experimental set-up, which was originally set up following Ford, 30 to include an additional detector and monochromator to record the reflection signal, as we depict in Fig 1a. During the measurement, the lock-in amplifier generates a specific internal frequency and synchronizes both photodetectors with the frequency of an optical chopper wheel. Periodic square pulse excitation source is realized by chopping a continuous-wave laser with a wavelength of 532nm at 70 Hz and attenuating its intensity with neutral density filters. We detect a periodic change in both transmission and reflection at the same frequency. After sequentially measuring the transmission and reflection changes, we calculate the change in optical density (OD) using, 
where ∆OD, ∆T and ∆R are photo-induced changes of optical density, transmittance and reflectance, respectively. The transmitted and reflected light are spectrally resolved and detected through the both monochromators. For quasi-steady-state photo-conductivity (which we simply term, ℎ ) measurements, we apply a small DC bias voltage to induce an electric field and the digital oscilloscope is used to detect the current flow by measuring the voltage signal across a 1 kΩ resistor, which is in series with the conductivity device and voltage source.
To demonstrate the technique, we prepare polycrystalline MAPbI3 perovskite films using an acetonitrile-based solvent protocol 32 (later referred to as MA-ACN). We spin-coated MAPbI3 films (~ 400 nm) on top of a glass substrate with pre-patterned in-plane indium-tin oxide (ITO) electrodes. This MA-ACN technique leads to ultra-smooth films, minimizing optical scattering effects, resulting in predominantly specular reflection and transmission. We outline additional information on the device preparation in the experimental section. By using this setup together with the in-plane electrode device architecture, which we show in Fig 1b, we can simultaneously perform optical and electrical measurements to gather transmittance ( T ), reflectance ( R ), photo-induced changes of transmittance ( ∆T/T ), reflectance (∆R/R) and ℎ data, in a single experiment. In Fig 2a, we plot -∆OD/OD to compare the shape of spectra together with the ∆T/T and ∆R/R. We observe the photobleaching peak at the band edge (around 1.63 eV) in both transmission and reflection. 18, 33 This strong change in absorption near the bandgap originates from band filling 34 and bandgap renormalization 18 . However, since our measurement is quasi-steady-state, where most photoexcited charge carriers will have thermalized, we expect band filling to dominate, resulting in the bleaching we observe near the band edge. We note that the peak of the ∆OD/OD spectra, is at lower energies than the peak of the ∆T/T and ∆R/R spectra. This is simply due to the shape of the OD spectrum, changing in an opposite fashion across the band edge, in comparison to the T and R spectra. This shifts the ∆OD/OD peak to lower energies, since OD is the denominator in this function. We illustrate this in Fig S1 .
From Fig 2a, we see that the transmission change in the sub-bandgap region, below 1.4 eV in particular, is small but slightly positive (bleaching). However, we do note that in some previous measurements this has been significant, and most likely erroneously interpreted as a bleaching due the filling of sub-bandgap trap states. 35 Significantly, we observe a more negative ∆R/R signal in this region, consistent with reduced reflectance. Combining these spectra, we determine a small sub-bandgap increase in optical density (∆OD/OD signal).
To explain these transmission and reflection changes, we model and extract the change in complex refractive index Δ ( ) + Δ ( ). We use the transfer matrix model approach, together with the Kramers-Kronig relationship. 36, 37 We let the initial complex refractive index of perovskite be 0 ( ) + 0 ( ). Upon photo-excitation, the refractive index changes to 1 ( ) + 1 ( ). To find 1 ( ) + 1 ( ), we searched through the space of possible solutions until we found the ′( ) + ′( ) that, when fed into an optical transfer matrix model, best reproduces the measured 1 and 1 . We chose the trial solutions to be Kramers-Kronig consistent, using a numerical implementation of Maclaurin's formula for the Kramers-Kronig transform. 37 The obtained ′( ) + ′( ) is equal to 1 ( ) + 1 ( ), within the bounds of fitting error. It is then straightforward to calculate Δ ( ) + Δ ( )= 1 ( ) + 1 ( ) − 0 ( ) − 0 ( ). We take the initial complex refractive index 0 ( ) + 0 ( ) from measurements in the literature. 38 Indeed, we employ global fitting for the full range of each spectrum instead of a specific sub-range (e.g. sub-bandgap) for better reliability. In Fig 2b we show both the experimental and fitted spectra, exhibiting close agreement throughout the entire spectrum. To generate different free carrier densities in the material, we illuminate at varying laser excitation densities, and conduct the fitting process to extract ∆ using the same protocol.
Determining the charge carrier density and long-range mobility
We show the reflectance change of the perovskite after excitation in Fig 3a. We also show on the same graph, our determined change in refractive index, ∆ . The refractive index shows large variations near the band edge. Moreover, a negative change appears below the bandgap, which at low photon energy, increases with reducing photon energy. 27 The carrier induced change in refractive index are related to changes of absorption through Kramers-Kronig relations, and can be explained by two effects in this charge density range: band filling and free carrier absorption. 27 Firstly, after photo-excitation, the bottom of the conduction band minimum (CBM) will be filled by electrons that were excited from the valence band maximum (VBM). Consequently, the minimum energy required to excite an electron across the bandgap is increased giving rise to a widening of the bandgap. 34 This band filling effect results in the strong feature we observe near the band edge. Secondly, free charge carriers can absorb an incident photon and be excited to a higher intraband energy state, which is known as the plasma effect. 27, 28, 39 This increased free carrier intraband absorption following photo-excitation, results in a corresponding change in the real part of the complex refractive index, which is well described by the Drude model. 27, 40 Considering these phenomena, our results are consistent with what is observed in other direct bandgap semiconductors, such as GaAs, 27 where ∆ shows large changes near the bandgap energy, Eg, due to the band filling effect, and approaches zero at photon energies 0.1 to 0.2 eV above or below Eg. At energies far below the bandgap, the change in refractive index becomes increasingly negative, as a consequence of the increased free carrier density. We expect the refractive index to change with wavelength () and free electron ( ) and hole ( ) densities, following,
where c is the speed of light, 0 is the permittivity of free space, 0 is the refractive index, and * and ℎ * are the effective masses of electrons and holes, respectively. At energies far enough below the bandgap, the contribution of the band filling effect to ∆ are negligible. Therefore we fit the lower energy section of the ∆ spectrum, between 1.2 and 1.3eV, to equation 3, and show such a fit as a light grey line in Fig 3a. Within this energy range, we assume that the contribution to ∆ from the band filling is negligible, hence ∆ is predominantly related to the free carrier density. For our fitting we have used equal values of effective masses for electrons and holes from literature ( * = ℎ * = 0.208 ) 41 , and assumed equal number densities for free electrons and holes. 42, 43 To investigate the relationship between refractive index and free carrier density, we repeated the same measurement ( Fig S2) and fitting described above, over a range of excitation densities.
With knowledge of the photo-induced charge carrier density, it is possible to determine the average mobility of electrons and holes, which we simply term , if the change in ℎ is also known, following the relationship (1). We note that the average mobility, , which we present here, is half the value of the sum of electron and hole mobilities,  usually used for microwave and THz mobility estimations Therefore, we measure the PITR and ℎ sequentially using the same excitation density and laser illumination for the same device, as we illustrate in the schematic of Fig 1b. For PITR we probe the region between the electrodes, and for ℎ , we apply an external bias voltage to the electrodes. The resistance of the perovskite film, reduces under photo-excitation. Therefore, we 
where is the monitored voltage drop through the resistor, is resistor in series with the conductivity device,
is the externally applied bias voltage, is the distance between the in-plane electrodes, is the channel width, and t is the perovskite film thickness.
We deem that our system is under quasi-steady-state conditions during most of the pulse period (70Hz, 7ms), i.e. the charge carrier generation and recombination rates are equal, as we elaborate upon in Fig S3a. We note that the measured ℎ value is obtained after 3 min illumination (when an equilibrium is reached) to minimize the time dependent photo-doping effect (as shown in Fig S3b) 43 . We plot the ℎ of the MA-ACN films as a function of excitation density in Fig 4a. We show the mobility in Fig 4b, which we determine to be in the range of between 0.47 to 2.2 cm 2 /Vs, over the excitation range which we study. We note that this mobility is lower than that determined through non-contact THz and microwave conductivity measurements, where values of the sum of electron and hole mobilities ( + ℎ ) are typically determined to be in the range of 20 to 40 cm 2 /Vs ( ~ 10 to 20 cm 2 /Vs). The THz and microwave derived mobility is considered to probe short-range transport for metal halide perovskites, and is hence representative of the highest mobility within a crystalline domain, but is likely to neglect longer range scattering and trapping at grain boundaries and defects within the perovskite film. 12, 13, 19, 20, 22, 46, 47 This difference might stem from the fact that we determined the lateral mobility using a 4 mm distance between the in-plane electrodes. Therefore, our results here include the effect of charge transport dynamics both within grains and across grain boundaries. 46 Under quasi-steady-state conditions, even though generation and recombination of charge carriers are continuously cycled, the free carrier density is constant (e.g. / = 0), implying that the recombination rate is equivalent to the generation rate . Moreover, in the low charge carrier density regime, the recombination follows a pseudo-first order rate ( ), 12, 13, 22 and therefore we can write the quasi-steady-state conditions as ~. Thus, knowing and , we can estimate an average carrier lifetime ~1/ and corresponding pseudo-first order rate, which we show in Fig 4c. We can now evaluate the charge carrier diffusion length ( ) from our experimentally determined charge carrier mobility () and carrier lifetime ( ) using the following equation:
where is the Boltzmann constant and T is temperature. In Fig 4c, we show the lateral charge carrier diffusion length for MA-ACN as a function of charge carrier density. This is in the range of 2.73 to 1.37 microns, consistent with the diffusion length estimated by other means. 5, 12 We summarize in Table S1 , all the optoelectronic parameters which we have obtained from the above evaluation. 
Comparison of the long-range charge carrier mobility within different perovskite films prepared via different deposition methodologies
The long-range mobility that we have estimated above is for MAPbI3 films processed from the acetonitrile/methylamine mixed solvent system. However, there are many other processing routes and perovskite compositions used in the research community. Here, we assess if the long-range charge carrier mobility of the perovskite layer is strongly influenced by the thin film processing methodology. To investigate this, and to assess the applicability of our technique to a broader set of materials, we prepared perovskite films using different fabrication processes, which are representative of state of the art perovskite absorbers used in the research community; CH3NH3PbI3 films from thermal co-evaporation (termed MA-evap), 48 is determined by the product of mobility and charge carrier density, increased ℎ could be due to either higher carrier density (longer lifetime), or a higher charge carrier mobility, or a combination of the two. Therefore, in order to determine the charge carrier density for these three different samples, we performed the PITR measurement simultaneously to the ℎ measurements, and plot the ∆ of the three perovskite films as a function of total excitation density in Fig S5. We show charge carrier mobility of the three different samples (in addition to the MA-ACN film) as a function of charge carrier density in Fig 5 .
All films exhibit a lower peak mobility as compared to the MA-ACN film, and surprisingly, the evaporated film, which has relatively small grains, exhibits a higher charge carrier mobility, in comparison to the FACs and FAMACs films. Notably however, due to much faster recombination rate (Fig S6) in the evaporated MAPbI3 films, the steady-state charge carrier density is much lower than all the other films we studied. Our estimated mobility of all three perovskites is now in the range of between 1.19 to 0.51, 0.38 to 0.28 and 0.28 to 0.19 cm 2 /Vs for MA-evap, FACs and FAMACs, respectively. We believe that these now represent good estimation of the long-range mobility within these perovskite films, and should therefore correlate with the relevant mobility for understanding optoelectronic devices where longrange transport occurs. This also implies that significant improvements should be possible in the present state-of-theart perovskite solar absorbers, if we now focus efforts upon understanding parameters which can be tuned to improve this long-range mobility.
From our data, we observe that our highest mobilities (MA-ACN) are at the lower end, to an order of magnitude lower, than those estimated from early-time optical pump THz probe spectroscopy. This difference may be because here we determine the long-range mobility, which includes conduction between multiple crystalline grains, and fully influenced by the film surfaces 46, 47 . Furthermore, we do observe around one order of magnitude difference in mobility between our samples prepared in different ways. This may be due to differences in properties such as perovskite composition, grain sizes, 1, 32, 51 trapping/detrapping processes, grain-boundary scattering, 52 charging at grain boundaries, crystallinity and crystal orientation. In Figure S7 we show SEM images of the different samples we have studied here for comparison.
Conclusions
In conclusion, we have presented a new method for determining the long-range lateral charge carrier mobility within perovskite films by quasi-steady-state optoelectronic techniques. By modeling the photo-induced sub-bandgap changes in the complex refractive index, obtained via photo-induced transmission and reflection (PITR) measurements, we determine the charge carrier density and combine it with the quasi-steady-state photoconductivity. We evaluate the long-range lateral mobility of MAPbI3, Cs0.17FA0.83Pb(I0.9Br0.1)3, Cs0.05(FA0.83MA0.17)0.95Pb(I0.9Br0.1)3 as a function of free carrier density, and determine mobilities ranging from 2.2 down to 0.2 cm 2 /Vs depending upon the preparation route and charge carrier density. Despite many years of intense research, to the best of our knowledge, our results represent the first accurate evaluation of the long-range lateral mobility in lead tri-halide perovskite films, and also highlight key advantages of quasi-steady-state method performed under similar excitation densities to a working solar cell. We believe that our technique will help to bring us closer to a complete understanding of long-range charge transport in different metal halide perovskite compounds, and other semiconductors, and gives us a new handle with which to examine and improve perovskite semiconductors. 
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Detail of experiments
Preparation of solution processed CH3NH3PbI3 perovskite film: MAPbI3 (termed MA-ACN) films were fabricated from the ACN/MA compound solvent following a previously published experimental protocol. 1 Briefly, MAI (Dyesol) and PbI2 (TCI Chemicals, 99.5%) were dispersed in ACN (Sigma Aldrich 99.5%, anhydrous) in a 1:1.06 molar ratio, such that the overall concentration of the dispersion was 0.5 M. A solution of methylamine (Sigma Aldrich, 33 wt.% in ethanol) was placed into an ice bath, and using nitrogen as a carrier gas, the solution was degassed of methylamine, which was passed through a drying tube filled with desiccant (CaO and Drierite) before being bubbled into the perovskite dispersion.
Methylamine gas was bubbled into the dispersion until all the solid, black crystals were dissolved, leaving Preparation of co-evaporated CH3NH3PbI3 perovskite film: CH3NH3PbI3 thin films were deposited on glass substrates using the dual-source thermal evaporation technique as shown previously by Patel et al. 5, 6 Briefly CH3NH3I and PbI2 were placed in separate crucibles and heated under vacuum (5 x 10 -6 mbar)
until the combined vapour deposition rate was 0.4 Å /s, as measured by the quartz crystal microbalance.
Once the rate stabilised, the substrates were exposed to the vapour until the desired thickness of CH3NH3PbI3 was attained. The film average thickness is 400nm. Internal referenced lock-in amplifier synchronizes the measurement of transmission and reflection, for all PL and PIA, then followed by PL subtraction.
Calculation of and from Reflectance and Transmittance measurements:
We measured the Reflectance ′ and Transmittance ′ for a photo excited perovskite film. This data was used to calculate the change in refractive index Δ ( ) + Δ ( ) during photo-excitation. The approach is outlined below:
Let the initial complex refractive index of perovskite be 0 ( ) + 0 ( ). Upon photo-excitation, the refractive index changes to 1 ( ) + 1 ( ). To find 1 ( ) + 1 ( ), we searched through the space of possible solutions until we found the ′( ) + ′( ) that, when fed into an optical transfer matrix model, best reproduces the measured 1 and 1 . This optimization was done through Powell's Algorithm with a Pythagorean distance function. The trial solutions were always chosen to be Kramers-Kronig consistent, using a numerical implementation of Maclaurin's formula for the Kramers-Kronig transform. 7 The obtained ′( ) + ′( ) is equal to 1 ( ) + 1 ( ), within the bounds of fitting error. It is then straightforward to calculate Δ ( ) + Δ ( ) = 1 ( ) + 1 ( ) − 0 ( ) − 0 ( ). We take the initial complex refractive index 0 ( ) + 0 ( ) from measurements in the literature. Quasi-steady-state photo-conductivity: A continuous diode laser was used at the range of excitation density specified in the main text, with an excitation wavelength of 532 nm and a modulation frequency of 70 Hz. A bias of 25 V was applied across the in-plane electrodes, while the current was monitored by an oscilloscope, as described in detail elsewhere. 9, 10 The resistance through the oscilloscope was set by a variable resistor to always be <1% of the sample resistance. We monitored the voltage between the 2 inplane electrodes through the variable resistor in the circuit to determine the potential dropped across channel length. We then confirmed this by photo-doing effect and frequency effect of the samples at various light intensities, as shown in the Electronic Supplementary Information (Fig S2) . In both PITR and the photo-conductivity measurement, the square pulse of the laser is generated by a 70 Hz chopper, resulting in a 7 ms periodic laser pulse width, which is much longer than the recombination time of charge carriers. 
